During the greening of leaves of Sorghum bicolor var.
The localization of polyphenoloxidase in higher plants, in- cluding its monophenol hydroxylating activity, continues to be controversial, the activity being either easily solubilized or bound to membranes of chloroplasts and other organelles (2-4, 7, 15, 17, 18, 20, 22-26) . Recently, the possibility that a flavonoid is an electron acceptor in photosynthesis (14) , and the demonstration of a CoA-dependent synthesis of a benzene nucleus in chloroplasts which may represent the site of synthesis of the A-ring of flavonoids (10) , add to the interest in a chloroplast localization for the hydroxylase. Furthermore, the known electron donors for the hydroxylation of 4-hydroxycinnamic acid, ascorbate, NADPH, and reduced pteridine de- rivatives (20, 26) are produced in chloroplasts (13, 25) . Recent studies (20) demonstrating the association of the HCH' ac-I Abbreviations: HCH: 4-hydroxycinnamic acid (p-coumaric acid) hydroxylase; CAO: chlorogenic acid oxidase; CA: caffeic (3,4- (19) (20) (21) were grown either on moist filter paper in closed trays at 25 C for seedling stages or in pots with Gro-tron as soil in a growth chamber at about 30 C for leaf tissue. Green shoots grew better and the enzymatic activities were greater if grown at 30 C rather than 20 C. White light at about 1400 ft-c was given in a 16-hr photoperiod.
Etiolated leaves were used from either completely darkgrown shoots, in which the primary leaf was only partially developed by 7 days, due to the prior growth of the first internode (mesocotyl), or after the first internode was limited to about 1 cm in length by 6 hr of bright light at 2 days of germination in the dark. This light pretreatment at the time that the coleoptiles were just showing above the soil surface permitted the subsequent growth of etiolated second and third leaves. Since primary leaves showed some effects from the early light treatment (production of small amounts of a cyanidin), they were generally discarded.
Unless specified otherwise, tissues were ground in a mortar in a volume twice their fresh weight in 50 mm MES buffer at pH 6 in the presence of sand and Polyclar AT (10% of the fresh weight of the tissue). Phosphate buffers were used for a pH of 7.4, while 50 mm Bicine and Tricine buffers were used for pH 8. At pH 8, Dowex 1-X8, Cl-form, 200 to 400 mesh, at 20% of the fresh weight of tissues was substituted for Polyclar AT. After cheesecloth filtration and centrifugation at 5OOg for 1 min to remove the Polyclar, the supernatant fraction was centrifuged for 15 min at 37,000g, removing a crude particulate pellet containing chloroplasts (P1). The subsequent supernatant fraction was then precipitated with ammonium sulfate added as a solid in either a broad cut (0-500 g/l) or in two narrower cuts at 0 to 200 and 200 to 500 g/l and centrifuged after sitting for 30 min at 4 C. Pellets were generally suspended in 50 mm MES at 10% of the original volume.
Gel Filtration Column Chromatography. Agarose (Bio-Gel A-15m, 100-200 mesh) was equilibrated with 100 mm phosphate buffer at pH 6 in columns (1 X 40 cm). Generally 1 ml of an ammonium sulfate concentrate was added to the agarose columns. One-ml fractions were collected at a rate of approxi3Cultivated sorghums are now called Sorghum bicolor (Linn) Moench. See ref (5) , pp. 27-28. (19, 20) .
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CAO was measured at 30 C with an oxygen electrode (20 (19), or from intact plants grown in soil at 30 C, all of the HCH activity was found in the smallest molecular weight fraction (fraction IV) (Table   IV) . This was where the bulk of the peroxidase isozyme C, was found (20) . A low but definite CAO activity was also detected in the same peak (slope of 0.16/g fresh weight).
Activities found in etiolated coleoptiles and primary leaves were found in all four fractions, but mostly in fraction II (Ta- lFirst internodes inhibited by 6 hr of light at 2 days of growth plus 5 days of complete darkness, or plus another 6 hr of light prior to extraction.
2 Activity in this fraction was variable, ranging up to 20%. 16 84 0.7 ble IV). The activity in extracts of etiolated second and third leaves was still mainly in fraction II, but was no longer detectab'We in fraction IV. After 6 hr of light for partial greening of the leaves, the activity recovered from the 200-to 500-g ammonium sulfate fraction was mainly in fraction II. Neither these partially or completely greened leaves showed any activity in fraction I from the 200-to 500-g ammonium sulfate precipitate, but activity in this fraction I would have been either removed in the prior precipitation with 200 g of ammonium sulfate or would have been trapped on the column. About 55% of the total HCH activity recovered from extracts of etiolated leaves was found in fraction II (Table IV) . This may actually be a complex of peaks (Fig. 2) , but it is considered here as one peak until further experiments determine whether such multiple peaks or shoulders are valid. Activities from green leaves in the 0 to 500 g ammonium sulfate fraction, minus the 100,000g pellet. The total HCH activity recovered (158%) was equivalent to 0.54 ,umole caffeic acid produced/hour g fresh weight. Peaks of CAO activity based on visual spot tests are indicated. Fig. 2 : Activities from etiolated leaves in the 200-to 500-g ammonium sulfate fraction, minus the 37,000g pellet. The total HCH activities recovered (150%) was 0.18 ,umoles/hr-g fresh weight. See Table IV Approximately 10% of the activity was in fraction I, 25% in II, and 64% in III. While no HCH fraction has yet been found without any CAO activity, the bulk of the CAO activity was frequently found in different peaks either on Sephadex G-100 (20) or Agarose A-15m. In green and etiolated leaves, the activity im the 200-to 500-g ammonium sulfate fraction was predominantly in fraction III (Fig. 2) .
Effect of pH and Osmotic Concentration on the Distribution of Activities in a 37,000g Pellet. The percentage of HCH and CAO activity of green leaves in a particulate fraction precipitated between 500 and 37,000g was dependent upon the initial pH of the extract rather than upon the osmotic concentration necessary to maintain chloroplasts intact (Table V) . This crude pellet was generally not washed by recentrifugation in the original medium because of inactivation, even though reactivation occurred upon freezing and thawing in the presence of substrate, a phenomenon being studied further. The pellet was resuspended in 50 mm MES buffer for assay. Results were variable, perhaps indicating the presence of inhibitors or activators. At pH 6 in either low or high osmotic concentrations, most of the activities were associated with the supernatant fraction after centrifugation at 37,000g, whereas at pH 8, in either high or low osmotic concentrations, up to 80% of the activity recovered was associated with the 37,000g pellet (P,). Approximately 19% of this activity of P1 was found in a 500 to 1,OOOg pellet, 36% at 1,000 to 20,000, and 14% at 20,000 to 37,000. This particulate activity obtained between 500 and 37,000g was partly solubilized upon resuspension in dilute buffer, and completely after treatment with 0.5% Triton X-100. However, upon chromatography on Sephadex G-100, the activity was almost entirely in the void volume fraction, an indication that the activity remained with a large complex.
There was no significant change in this pH-dependent association of activity with P1 in either etiolated or partially (9) . 2100 mM Tricine, pH 7.9, 600 mM sorbitol, 3 mM Ca (NO3)2, 0.1% Na ascorbate (10). 3 Phosphate buffer plus sucrose generally was inhibitory (20) . greened leaves. But pH had no effect in etiolated leaves on the association of the activity remaining in the supernatant with 200-to 500-g ammonium sulfate/I fraction.
CAO activity followed a similar pattern of distribution, frequently with higher activities found at pH 8 than 6. Upon solubilization of the 37,000g pellet with Triton X-100 and chromatography on Sephadex G-100, the bulk of the activity was eluted in a peak following that of the HCH activity.
Precipitation with Protamine Sulfate. This agent removes nucleic acids and has been used to purify uridine diphosphate glucose pyrophosphorylase, the activity remaining in the supernatant fraction from extracts of 5-day-old etiolated shoots of Sorghum (6) . The HCH activity of etiolated first internodes did not precipitate with protamine sulfate (2 mg/ml), but only 50% of the original activity of the homogenate was recovered in the supernatant fraction. HCH activities of etiolated and green leaves, however, were almost completely precipitated by the same concentration of protamine sulfate (Table VI) (27) . were added as a solids to aliquots of the 37,000g supernatant fraction. The supernatant fraction after protamine sulfate precipitation was subsequently precipitated with ammonium sulfate (500 g/l). All pellets were resuspended in 50 mm MES, pH 6. Varied Extraction Techniques. In an effort to determine whether the grinding procedure and medium were responsible for the isolation of activity of green tissues in the 200-g ammonium sulfate fraction, different methods were used such as grinding with or without various inhibitors of polyphenolase activity (2) and rapid chromatography of crude extracts through Sephadex G-50. None of these altered the distribution pattern.
Solublization of the Activity in the 0 to 200 g/l Ammo- 
DISCUSSION
The sequence of enzymes producing Ce-C3 phenolic acids from phenylalanine and tyrosine might be expected to exist as a multienzyme complex (22) , possibly similar to the arom complex in Neurospora catalyzing the shikimic acid pathway (8) .
The large molecular weight forms of HCH reported here might be part of such a multienzyme complex, or series of complexes forming the various hydroxylated cinnamic acids, but the problem of artifacts produced during isolation altering the intracellular state or localization of enzymes remains partly unresolved (1) . Mixing experiments indicate, however, that the conversion to a larger molecular weight form upon greening is not an artifact produced during grinding.
The following speculative interpretation of the sorghum data is our present working hypothesis. The HCH activity is part of a complex associated with membranes, possibly vesicles derived from the endoplasmic reticulum. Activation of the complex is dependent on attachment to binding sites on membranes associated with vacuoles, mitochondria, or plastids.
The pH 8 effect demonstrated here could be due to alterations of these binding sites, but artifacts from adsorbed phenolics not removed by grinding with Dowex I have not been ruled out. Triton X-100 treatment "solubilizes" this association with a particle sedimentable at 37,000g, as has been shown in other tissues (7, 17, 24) . The preliminary experiments with butanol extraction also support a membrane hypothesis (24) . Association-dissociation phenomena of enzyme complexes with animal membranes are well documented (1 1, 16) .
Extracts of etiolated and green leaves may contain a heterogeneous array of particle sizes or membrane fragments, ranging from a microsomal form to dissociating units of polymeric proteins. Since green leaves differ from etiolated ones both in the development of chloroplasts and in the accumulation of large amounts of caffeic acid ester, it is tempting to attribute the size of the particles to an association with newly formed membranes of the chloroplast, and to argue that the hydroxylase localized here might be responsible for the accumulation of caffeic acid. Certainly, this site would be efficient due to a continued supply of cofactors, whether they be NADPH, reduced pteridines, or ascorbic acid.
Recent data using electron microscopy indicate that 3-(3,4-dihydroxyphenyl)-L-alanine oxidase is localized on granal lamellae in tobacco (4) , and several investigators implicate grana as the site for both the monophenol and diphenol functions of PPO (3, 7, 15, 25) . But 
23).
If the hypothesis of multienzyme complex(es) is correct, other enzymatic activities of the C5-C, biosynthetic sequence should be present (22, 23) . Evidence for the incorporation of 4C into ferulic acid from labeled phenylalanine and tyrosine in cell-free systems of first internode tissues has already been reported in sorghum, along with the particulate nature of cinnamic acid hydroxylase (19, 20, 22 
